Comment on "The putative liquid-liquid transition is a liquid-solid transition in atomistic models of water" [I and II: J. Chem. Phys. 135, 134503 (2011) The existence of more than one solid amorphous state of water is an extraordinary feature. Since polyamorphism might be connected to the liquid-liquid critical point hypothesis, it is particularly important to study the relations amongst the different amorphous ices. Here we study the polyamorphic transformations of several high pressure amorphous ices to low-density amorphous ice (LDA) at 4 MPa by isobaric heating utilising in situ volumetry and ex situ X-ray diffraction. We find that very-high density amorphous ice (VHDA) and unannealed high density amorphous ice (HDA) show significant relaxation before transforming to LDA, whereby VHDA is seen to relax toward HDA. By contrast, expanded HDA shows almost no relaxation prior to the transformation. The transition to LDA itself obeys criteria for a first-order-like transition in all cases. In the case of VHDA, even macroscopic phase separation is observed. These findings suggest that HDA and LDA are two clearly distinct polyamorphs. We further present evidence that HDA reaches the metastable equilibrium at 140 K and 0
I. INTRODUCTION

A. Polyamorphism
Despite having a rather simple stoichiometry (H 2 O), water is not a simple liquid. It displays complex behaviour and is often referred to as an anomalous liquid. This complexity fuels ongoing scientific interest as manifested in a recent thematic issue of Chemical Reviews titled "Water-The Most Anomalous Liquid." 1 One popular attempt to explain the behaviour of water is the hypothesis of a liquid-liquid phase separation and an associated liquid-liquid critical point (LLCP) at temperatures far below the melting temperature. [2] [3] [4] [5] [6] For the ST2 model of water, 7 numerical studies indicate such a scenario. [8] [9] [10] Also for TIP4P/2005, 11 a more recent and well performing model of water, 12 the existence of a LLCP is discussed. [13] [14] [15] [16] [17] [18] [19] An experimental proof for this scenario is, however, missing even though indirect evidence for a LLCP at ≈50 MPa and ≈225 K is provided by Mishima et al. [20] [21] [22] The difficulty in studying liquid water at temperatures far below the melting temperature is rapid crystallization, 23 rendering the interesting temperature interval practically impenetrable. Extremely high cooling rates of 10 7 K s 1 are required to beat crystallization at ambient pressure [24] [25] [26] and somewhat less at elevated pressure. 27 Indirect evidence for a LLCP could however be provided by the study of the amorphous ices. If water really splits into a) Present address: Department of Physics, Sapienza University of Rome, Piazzale Aldo Moro 5, I-00185 Roma, Italy. b) Author to whom correspondence should be addressed: thomas.loerting@ uibk.ac.at different liquids at low temperatures and if those liquids vitrify at even lower temperatures, clearly distinct glasses should be formed. This phenomenon, known as polyamorphism-a term to our knowledge first proposed by Wolf (cf. Ref. 28 )-indicates the possibility for a substance to exist in more than one distinct amorphous "phase." The identification of those forms with distinct polyamorphs would support the existence of distinct liquid phases in supercooled water. Recently, evidence for the diffusive nature of amorphous ices above their two distinct glass transition temperatures was presented, [29] [30] [31] indicating them to be indeed in the ultraviscous liquid state. A truly distinct polyamorph is characterized in that it can be formed utilising several different thermodynamic paths, and there is a sudden change of properties (e.g., density, expansivity) upon transformation to another polyamorph. One further necessity is the possibility to switch back and forth between different polyamorphs by pressure-cycling. Since this behaviour resembles first-order phase transitions, the terminology of phase transitions is used also for amorphous ices, in spite of their inherent non-equilibrium nature and in spite of the metastability with respect to crystalline ice. In order to account for the non-equilibrium character and metastability, transitions between amorphous ices are denoted first-orderlike rather than first-order even though the stable phase can be avoided completely and quasi-equilibrium transformations between two phases of amorphous ice are possible. 32, 33 A precondition is that the relaxation in the metastable state is substantially faster than the time it takes for the metastable state to transform to a more stable phase (cf. Ref. 17) . The fact that this condition is indeed met in amorphous ices was very recently shown. 34 Before we discuss the polyamorphism of water in more detail, a word of warning has to be uttered. From the non-equilibrium nature of amorphous systems follows that each thermodynamic path leads to a unique state. Therefore, the precise protocol of sample preparation becomes relevant. In order to systematize several coarsely related thermodynamic paths, abbreviations have been put forward to roughly categorize the thermodynamic history of the resulting samples. An amorphous ice bearing its own abbreviation does however not entail this form being a distinct polyamorph, i.e., a state that experiences a phase transition to other amorphous states. It just expresses that a specific thermodynamic path was followed during its production. The relation to other amorphous forms has to be studied carefully to determine which paths lead to truly different polyamorphs and which paths lead to variations of the same polyamorph.
B. Typical routes to amorphous ice
Having clarified that, we now turn to the different amorphous ices and their relations. Commonly encountered amorphous ices are low-density amorphous ice [LDA; ρ(1 bar) = 0.94 g cm 3 ], high-density amorphous ice [HDA; ρ(1 bar) = 1.15 g cm 3 ], and very high-density amorphous ice [VHDA; ρ(1 bar) = 1.26 g cm 3 ] as well as variations of those forms (density values taken from Ref. 35) . HDA is usually produced by isothermally compressing hexagonal ice at 77 K to pressures exceeding 1.0 GPa. 36 This process is called pressure-induced amorphisation (PIA), and it is characterized by a rather sharp densification step forming the amorphous ice. If HDA is heated at pressures lower than ≈0.1 GPa, it transforms to LDA. 32, 36, 37 If heated above ≈0.8 GPa, it transforms to VHDA 38 and it remains HDA if heated at pressures between ≈0.1 and ≈0.8 GPa. 39 Certain substates of HDA are further distinguished, namely, unannealed HDA (uHDA), being the HDA produced via PIA at 77 K, and expanded HDA (eHDA). The latter form is obtained by annealing uHDA at pressures below 0.5 GPa, which results in a decrease of density. 40 A different route to eHDA involves the decompression of VHDA at 140 K to pressures below 0.4 GPa. 41 The exceptional property of eHDA is its transition temperature to LDA at 1 bar, for it is roughly 20 K higher than the one of uHDA. 33, 40, 42 A similar effect on the transition temperature was also found when PIA was performed at temperatures significantly above 77 K. 43 Thus, three large categories of amorphous ices can be distinguished: LDA, HDA, and VHDA, where uHDA and eHDA are substates of the HDA category. This distinction in three large categories based on density suggests those forms to be candidates for different polyamorphs. Since this article is devoted to the relations of HDA and LDA as well as VHDA and LDA, we largely omit the discussion of the relation between VHDA and HDA. This latter relation, however, is the topic of Paper II 44 and hence discussed in detail there.
C. The relation between HDA and LDA
When the transition between HDA and LDA was first observed, the large and rapid change of density immediately suggested a first-order-like transition. 36, 37 Thermodynamic considerations even led to an estimation of the corresponding binodal 45 p HDA-LDA (T ) = (190 − T * 0.26) MPa.
(1)
That is, HDA and LDA are expected to have equal chemical potential, e.g., at 100 K and 164 MPa. Detailed studies of isothermal compression and decompression of LDA and HDA found a hysteresis for the transition that becomes smaller at higher temperatures, again pointing towards a first-orderlike transition and yielding an estimated equilibrium pressure consistent with Eq. (1). 32 Further evidence in favour of a first-order-like nature of the transition was found in neutron scattering experiments, both at 1 bar 46 and at high pressure, 47 and in calorimetric studies at ambient pressure. 33, 42, 43, [48] [49] [50] Some authors even reported the observation of macroscopic phase separation. 33, 47, 51, 52 Additional support was provided through Raman spectroscopy, 53 ultrasonic experiments, [54] [55] [56] and further scattering experiments 57 as well as from studies on water in protein crystals 58 and aqueous solutions. [59] [60] [61] [62] [63] [64] [65] Also measurements of the thermal conductivity show a sharp change when HDA transforms to LDA. 66 The authors of Ref. 66 , however, express their doubts regarding a separation of HDA and LDA. Arguments in favour of a continuous HDA → LDA transition were also inferred from neutron and X-ray scattering experiments, where the intermediate states could not be fitted as linear combinations of LDA and HDA. [67] [68] [69] This apparent contradiction might be resolved by the very recent study of Perakis et al. 31 In monitoring the HDA → LDA transition of sufficiently relaxed HDA samples, Perakis et al. showed that it is indeed possible to separate the intermediate states in a LDA and a HDA contribution. 31 Unrelaxed samples, however, do not display this behaviour but show a more complex transition, 31 consistent with the assessment of Ref. 56 and the abovementioned studies. [67] [68] [69] In summary, most studies seem to favour a first-order-like transition occurring between HDA and LDA.
D. The relation between VHDA and LDA
The VHDA → LDA transition was studied almost exclusively by isobaric heating at 1 bar. Neutron scattering indicates a relaxation of VHDA preceding the transformation to LDA. 70 This relaxation produces states similar to HDA, leading to the conclusion that the states observed in the HDA → LDA transition are a subset of the states found in the VHDA → LDA transition and that the final stage of the transformation bears all signs of a first-order-like transition. 71 Similar results were obtained from 2 H-NMR measurements. 72 During the VHDA → LDA transition at 1 bar, VHDA was found to relax continuously toward HDA which in turn transforms to LDA. 72 In addition, calorimetry scans of VHDA at 1 bar reveal enthalpy relaxation (presumably toward HDA) preceding the sudden release of heat indicating the polyamorphic transition to LDA. 73 Finally, studies of the isothermal decompression of VHDA at T ≥ 125 K showed that VHDA continuously evolves into HDA which in turn transforms discontinuously to LDA if the temperature is sufficiently high. 41, 74 In summary, all published studies are consistent with a first-order-like transition from VHDA to LDA. Yet, a relaxation from VHDA to HDA precedes the transformation to LDA in all cases. Hence, the relation between VHDA and HDA is relevant also for the VHDA → LDA transition and cannot be completely excluded here.
E. Aim of this work
The available studies on the polyamorphism of water typically obtain LDA by heating uHDA at ambient pressure or sometimes by decompressing HDA at T ≈ 130-140 K close to ambient pressure. What is missing in the literature is an analysis of the nature of the isobaric transitions of amorphous ices at elevated pressure and starting from differently prepared samples.
In other studies, we have investigated the (isobaric) temperature-induced amorphisation of hexagonal ice, 75 the (isobaric) temperature-induced relaxations, 76 and transformations 44 of eHDA and VHDA. Here, we study the isobaric transitions of several amorphous ices to LDA at 4 MPa. This expands the frontiers of knowledge gained from studies at ambient pressure. 31, 33, 42 Most notably, raising the pressure increases the temperature window in which the high-density amorphous forms can be studied prior to the transformation to LDA. 32 This allows us to study the nature of relaxations up to higher temperatures, enabling us to actually demonstrate that metastable equilibrium can be reached on the experimental time scale. That is, even below the border to the no-man's land, thermodynamic histories become irrelevant. In order to achieve just this, it is our concept to use several different initial amorphous states and to test whether or not there is path independence for the states reached at 4 MPa. We are especially interested how the path picked influences the amount of relaxation occurring prior to the transformation to LDA. To this end, we compare well established initial states (uHDA, eHDA, and VHDA) and amorphous states specifically selected for the present study (uHDA and VHDA relaxed at 0.1 GPa; details follow below). The isobaric transitions themselves are monitored by in situ volumetry, and the samples are further characterized ex situ using powder X-ray diffraction (XRD).
II. EXPERIMENTAL DETAILS
In order to produce the different samples, 500 µl of pure water were pipetted into a preformed indium container (m ≈ 320 mg) at 77 K. Indium serves as a low-temperature lubricant, a technique pioneered by Mishima et al. 36 The samples were then put in a high-pressure cell of 8 mm bore diameter, and the cell was subsequently placed in a material testing machine (Zwick model BZ100/TL3S; for details on our apparatus, see Ref. 77) . The pressure was raised to 1.0 GPa at 77 K to push the air out of the sample, reduced to 0.02 GPa, and subsequently raised again to 1.5-1.7 GPa with 0.14 GPa min 1 . During the last step, the ice sample transforms to uHDA via PIA. After reducing the pressure to 1.1 GPa (uHDA at 1.1 GPa and 77 K), the steps listed in Table I were performed to produce a range of samples. The abbreviations listed in Table I are used in the following to refer precisely to the respective route of production.
The pressure was then reduced at 77 K to 4 MPa, and, finally, as the key step analysed in this work, the samples were heated isobarically with 3 K min 1 to temperatures up to 155 K. This transforms the samples to LDA in all cases, which were then quenched with liquid N 2 and recovered to ambient pressure. The p-T steps performed for the different samples are visualised in Fig. 1 . All transformations were monitored using in situ dilatometry by recording the piston displacement. The piston displacement curves were transformed to change of volume curves assuming constant cell diameter and corrected for the apparatus behaviour by subtracting a blind experiment. For the blind experiment, we perform the same steps as for the real experiment, leaving only the water out. Thus, we are able to record the behaviour of the apparatus and indium along the studied paths as a reference (cf. Ref. 78) .
For the purpose of recording X-ray diffractograms, the samples were first divided into two or three pieces, and each piece was powdered and measured separately. Hence, two or three diffractograms were recorded per sample. Division and powdering were performed under liquid N 2 . The powder was cold-loaded onto a precooled (≈80 K) nickel-plated copper TABLE I. Temperature and pressure program for sample production starting from uHDA at 1.1 GPa and 77 K. Here q and π denote the heating and decompression rate, respectively. The steps were performed left to right and thereafter the temperature was brought to 77 K. In all cases, the cooling rate was not controlled. Ultimately, all samples were quenched with liquid N 2 and decompressed to 4 MPa. Note that uHDA(0.1) crystallizes partly during the low p annealing step. sample holder in flat geometry. The low-temperature chamber by Anton-Paar (TTK 450) holding the sample holder is then closed and pumped to approximately 10 2 mbar. We used a Siemens D 5000 diffractometer equipped with a Cu-K α X-ray source (λ = 1.541 Å) to record the diffractograms at ≈80 K from 2θ = 10 • (K = 0.71 Å 1 ) to 2θ = 54 • (K = 3.70 Å 1 ) using a step width of 0.02 • and an acquisition time of 1 s per step. For comparison, also an ice II sample was produced following the protocol given in Ref. 79 . 500 µl of pure water were frozen to hexagonal ice in the same manner as explained above, compressed to 0.4 GPa at 198 K with a rate of 0.001 GPa min 1 , and quenched with liquid N 2 upon reaching 0.4 GPa. Thereafter the sample was decompressed at 77 K to 4 MPa with a rate of 0.002 GPa min 1 , where it was heated isobarically with 3 K min 1 to record its expansivity.
III. IN SITU VOLUMETRY
The in situ volumetric results for the transitions to LDA at 4 MPa are shown in Fig. 2 . The curves differ for each starting material. They differ both quantitatively and qualitatively. The two quantitative measures assessed here are step-height, i.e., the volume-difference with respect to LDA, and the onset temperature of the transformation. The corresponding results are summarised in Table II. The largest step-height is observed for VHDA. It is followed by eHDA(0.2), uHDA, eHDA(0.1) VHDA(0.1), and finally uHDA(0.1). The sequence until eHDA(0.1) is in accord with the known densities at 1 bar for those samples. 35 VHDA being the most dense form shows the largest step and it is followed by eHDA(0.2), uHDA, and eHDA(0.1). Next in line is VHDA(0.1) for which almost the same step-height as for eHDA(0.1) is found at 4 MPa, indicating that those two forms are very similar. Finally, we find that uHDA(0.1) shows the lowest step-height. This result, however, is flawed since the sample partially crystallizes during annealing at 0.1 GPa as apparent from XRD measurements after transition to LDA (not shown). That uHDA gradually crystallizes when heated at similar pressures is well known, [80] [81] [82] [83] and it was reported that roughly 40% of an uHDA sample crystallized after heating to 135 K at 0.1 GPa. 80 Assuming that also the uHDA(0.1) sample consists of 40% hexagonal ice, the real difference in molar volume between uHDA(0.1) and LDA can be estimated. This estimation yields ≈4.2 cm 3 mol 1 for the volume difference between uHDA(0.1) and LDA, a similar value as found for eHDA(0.1) and VHDA(0.1) indicating that the amorphous part of uHDA(0.1) is also similar to eHDA(0.1) (cf. Table II) . Now we want to take a close look on the implications of the ordering described above. We first look at the sequence VHDA, eHDA(0.2), uHDA, and eHDA(0.1), which is interesting in two ways. First, as visible from Table II, the step-height of eHDA(0.2) is halfway between the ones of VHDA and eHDA(0.1). Since both eHDA(0.1) and eHDA(0.2) are produced via the decompression of VHDA at 140 K (cf. Table I and Fig. 1 ), this means that about half of the volume change upon decompressing VHDA from 1.1 GPa to 0.1 GPa occurs between 0.2 and 0.1 GPa. A similar finding was reported for the shift of the calorimetric transition temperatures to LDA at 1 bar. 33 According to Fig. 3(b) 33 is based on calorimetry and XRD, not volumetry. Considering these two points, we believe that details of the experiment and analysis procedure can push the result to one or the other side. Therefore, eHDA(0.2) might be close to metastable equilibrium at 140 K and 0.2 GPa, but this state cannot be reached by simply heating uHDA at 0.2 GPa to this temperature. The last part of the sequence is eHDA(0.1), VHDA(0.1), and uHDA(0.1) and all of them show a very similar density, indicating that those three different paths yield very similar samples (mind the correction of the uHDA(0.1) value; cf. Table II) . It has to be recognised, however, that during heating of uHDA at 0.1 GPa two changes occur in parallel. The amorphous matrix relaxes and crystallizes simultaneously. Despite the fact that substantial parts of the sample crystallize, the amorphous matrix of uHDA(0.1) relaxes toward eHDA(0.1) at 140 K, indicating path independence. When comparing VHDA(0.1) and eHDA(0.1), this apparent path independence becomes even clearer. Figure 3 compares the volume change along both the eHDA(0.1) and VHDA(0.1) paths. Both paths end up very close to each other at 0.1 GPa and 140 K but follow an entirely different route. Therefore, metastable equilibrium is indeed reached at 0.1 GPa and 140 K, i.e., the relaxation time is shorter than the experimental time scale and faster than the crystallization time scale. This finding is also consistent with the reported temperatures for the glass-to-liquid transition of different HDAs at 0.1 GPa, which were reported to lie around or below 140 K. 42, 80, 86, 87 The second quantitative measure assessed here is the onset temperature of the major step indicating the transition to LDA. This temperature is also dependent on the starting amorphous form (see Table II are not well relaxed, whereas the other forms are. The similar onset of uHDA(0.1) and the other low pressure relaxed forms further indicates that the amorphous part of this sample is well relaxed and that the ice I h fraction is unlikely to influence the polyamorphic transition to LDA.
Regarding the qualitative behaviour of the curves shown in Fig. 2 , one can clearly see that all low-pressure relaxed samples show very flat curves prior to the major step. This behaviour is almost comparable to the heating curve of ice II (dotted line in Fig. 2 ) signifying that those samples do not significantly relax prior to the transition to LDA. The curves of the unrelaxed sample (uHDA) and the sample relaxed at 1.1 GPa (VHDA) on the contrary show a pronounced nonlinear behaviour prior to the major step. This indicates that those two forms relax significantly during heating at 4 MPa, indicating a non-equilibrium structure. The step itself is very sharp for the low-pressure annealed HDA forms, whereas it is much broader for VHDA and uHDA. This suggests an interpretation of the step as a first-order-like transition from uHDA(0.1), VHDA(0.1), eHDA(0.1), and eHDA(0.2) to LDA. Nevertheless, we also interpret the transitions from VHDA and uHDA to LDA as first-order-like transitions. In the latter cases, however, a non-linear relaxation is superimposed. For eHDA(0.2), also a relaxation is expected to occur since its density is quite different from eHDA(0.1). The curve is, however, very flat prior to the transition meaning that for eHDA(0.2), relaxation and transformation take place in a very similar temperature interval and the two processes cannot be disentangled with our methods. Furthermore, it has to be noted that the eHDA(0.1) and VHDA(0.1) curves almost lie on top of each other, again supporting the path independence in this case (cf. Fig. 2 ).
IV. EX SITU X-RAY DIFFRACTION
In order to corroborate the above analysis, we studied three transitions in more detail. Those transitions are uHDA → LDA, VHDA → LDA, and eHDA(0.1) → LDA (cf. Fig. 2 ), all of which were quenched at several intermediate temperatures. The corresponding samples were then recovered to ambient pressure and characterized by XRD. In the following, we discuss the position of the first diffraction maximum (2θ max ) in the course of the transition. Figure 4 shows the quench temperatures and corresponding XRD measurements for the uHDA → LDA transition. At ≈126 K (light green), the first diffraction maximum slightly shifts to lower angles. However, no LDA is present to this point. This means that the volume change up to this temperature is influenced solely by relaxation. At ≈130 K (yellow) also LDA is found in the XRD measurements. The measurement of one part of the sample shows the characteristics of LDA with the first diffraction maximum around 24 • , whereas the measurement of another part of the same sample shows a very broad maximum. This broad maximum indicates the coexistence of relaxed uHDA and LDA. Although no clear separation of the two corresponding maxima was found, it was still possible to fit the broad maximum with two Lorentzians at LDA and HDA positions as shown in Fig. 5 . Since the LDA contribution to this broad maximum is rather small, this part of the sample consists of a small amount of LDA and a large amount of relaxed uHDA. At ≈132 K (red), the sample consists mostly of LDA, with a slight shoulder indicating also some relaxed uHDA to be present. At ≈145 K finally (purple), the sample consists of pure LDA. These results again show that in the first stage of heating the uHDA matrix relaxes (marked by a shift of the first diffraction maximum), which is followed by a first-order-like polyamorphic transition to LDA (marked by the coexistence of LDA and relaxed uHDA). Figure 6 shows the quench temperatures and corresponding XRD measurements for the VHDA → LDA transition. The XRD characteristics barely change upon heating to ≈114 K (light blue and dark blue). At ≈130 K (dark green), the measurements of the two parts of the sample look completely different. One part shows a clearly shifted maximum compared to the initial VHDA, and the other part shows almost pure LDA. This is therefore a clear case of macroscopic phase separation, strongly pointing towards a first-order-like transition. A very similar result is obtained at ≈132 K (light green). At ≈134 K (yellow), a broad maximum was found that again could be fitted with two Lorentzians (see Fig. 5 ). At temperatures above ≈145 K finally (red and purple), the sample consists of pure LDA. The results for VHDA also confirm the above analysis. When VHDA is heated at 4 MPa, it first undergoes a relaxation (marked by a shift of the first diffraction maximum), which is followed by a first-order-like polyamorphic transition to LDA (marked by the coexistence of LDA and relaxed VHDA). Figure 7 finally shows the quench temperatures and corresponding XRD measurements for the eHDA(0.1) → LDA transition. Here no shift in the first diffraction maximum was found after heating to ≈101 K (dark green). When quenched in the middle of the step ≈137-139 K (light green, yellow, and red), broad first diffraction maxima were found. They again indicate the coexistence of slightly relaxed eHDA(0.1) and LDA according to a fit with two Lorentzians (cf. Fig. 5 ). At ≈145 K finally (purple), the sample consists of pure LDA. Also here the above analysis is confirmed. eHDA(0.1) barely relaxes before it transforms to LDA, but again the transformation to LDA itself seems to be firstorder-like [marked by the coexistence of LDA and relaxed eHDA(0.1)]. part. VHDA displays a continuous change of the maximum from 2θ > 32 • to 2θ ≈ 28 • before the transition to LDA. This shift is a relaxation of the amorphous matrix towards HDA according to our XRD results, a relaxation also reflected in the non-linear low temperature behaviour of VHDA in volumetry. For uHDA, shifts to smaller angles preceding the transition to LDA were found in XRD. Those changes, however, are small compared to the VHDA case. This clearly contrasts with the behaviour of uHDA in volumetry, where a considerable amount of volume relaxation was found. Therefore, it seems that the low-temperature volume change in uHDA is caused by a more complex type of relaxation. One additional process we know of is the growth of the crystalline residues present in uHDA 82, 83 as is visible by the appearance of small hexagonal ice reflexes in the XRD measurements of the uHDA → LDA transition (cf. Fig. 3 ). This small amount of crystallization, however, cannot be the reason for the different behaviour of uHDA and VHDA in the low temperature part of the heating.
V. COMBINING VOLUMETRY AND XRD
VI. SUMMARY AND CONCLUSION
In our study of the isobaric heating of several high-density amorphous ices at 4 MPa, we find that of all the samples studied VHDA and uHDA relax considerably prior to the transformation to LDA. The volume changes of the two forms show clear non-linear behaviour prior to the polyamorphic transition to LDA. In XRD measurements of intermediate states of the VHDA → LDA transition, relaxation behaviour of VHDA was also found. Its first diffraction maximum shifts to values typical for HDA prior to the transformation. For the uHDA → LDA transition, however, a relaxation was not so clearly visible in XRD measurements of the intermediate states (cf. Fig. 7 ), but clearly evident in the volumetry curves (cf. Fig. 2) .
The other forms studied behave almost like crystals in the lower temperature region in terms of their thermal expansion, indicating that these forms are well relaxed. Although showing a very flat curve prior to the transition, eHDA(0.2) is not as well relaxed as uHDA(0.1), VHDA(0.1), or eHDA(0.1). This indicates that eHDA(0.2) relaxes right before the transition to LDA, making a clear separation of the time scales for relaxation and transition difficult.
The transition to LDA at higher temperatures is seen to obey criteria for a first-order-like transition in all cases. We found very sharp transitions for eHDA(0.1), eHDA(0.2), VHDA(0.1), and uHDA(0.1). Furthermore, the detailed studies of uHDA, VHDA, and eHDA(0.1) indicate coexistence with LDA in the XRD in the middle of the transition (cf. Fig. 5 ). In the case of VHDA, even macroscopic phase separation was observed (cf. Fig. 6 ). The coexistences found for uHDA and VHDA further show that the less sharp transition steps in those cases can be explained as a combined effect of relaxation and transformation. In summary, all samples studied share the feature of a first-order-like transition to LDA. For uHDA and VHDA, the transition is, however, partially obscured by relaxation. This is similar to findings at ambient pressure for uHDA 49 and VHDA. [70] [71] [72] [73] The strong influence of sample preparation on the transition is further in accord with very recent numerical studies utilising the potential energy landscape formalism. 88, 89 These studies have shown that (although the LDA → HDA transformation behaves as a first-order like transition 88 ) the choice of the initial LDA strongly influences the nature of the transformations. 89 In any case, our findings are in agreement with the view that HDA and LDA are two distinct polyamorphs. It has to be emphasised that the sharpest transformation is found for eHDA(0.1), again showing that it is a very well relaxed HDA at lower pressures. Relaxing uHDA at low pressures should be avoided if the study of well-relaxed HDA is desired, since considerable amounts of the sample crystallize during this relaxation.
Finally we note that it seems that the metastable equilibrium is reached at 0.1 GPa and 140 K since the eHDA(0.1) and VHDA(0.1) samples behave very similarly. This is most clearly visible in Fig. 3 , where the two different paths end up at the same molar volume. The low-pressure annealing step for uHDA on the contrary leads to significant crystallization of the uHDA(0.1) sample although the remainder of the amorphous sample appears to be well relaxed, consistent with the metastable equilibrium at 0.1 GPa and 140 K. This finding is in agreement with several studies concerned with the glass transition of HDA. 42, 80, 86, 87 We also conclude based on the density of eHDA(0.2) that the metastable equilibrium appears not to be reached at 0.2 GPa and 140 K. However, we also find that about half of the volume change from VHDA to eHDA(0.1) happens between 0.2 and 0.1 GPa, indicating that the sample is at the verge of the metastable equilibrium at 140 K and 0.2 GPa. 
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